We investigated the effects of tillage practices on the densities of wolf spiders and planthoppers and leafhoppers in rice paddy fields. Paddies were subjected to one of two different treatments (no tillage and conventional tillage), and seasonal changes in the densities of wolf spiders and hoppers were investigated over two growing seasons (1999 and 2000). In both years, the density of wolf spiders was significantly higher and the density of hoppers tended to be lower in no-tilled paddies than in conventionally tilled paddies, although the latter difference was not statistically significant. The Iwao's omega values, which represent the degree of correlation between the spatial distributions of wolf spiders and hoppers, were higher in no-tilled than in tilled paddies during August when the hopper density decreased in notilled paddies.
INTRODUCTION
Soil tillage is one of the most important agricultural practices because it is used to prepare seedbeds, mix organic material and fertilizer, and suppress weeds, diseases, and pests (Gebhardt et al., 1985) . However, tillage can adversely affect arthropods and other invertebrates that inhabit the soil surface (Stinner and House, 1990) . In particular, ground-dwelling predators such as spiders and carabid beetles are often harmed by tillage practices (Kawahara et al., 1974; Widiarta et al., 1991) , and the densities of these predators can decrease dramatically after tilling (House and Stinner, 1983; Brust et al., 1985 Brust et al., , 1986 .
Wolf spiders (Araneae, Lycosidae) are important predators of insect pests in agroecosystems because of their abundance and high predatory potential (Riechert and Lockley, 1984; Nyffeler and Benz, 1987; Wise, 1993) . Because wolf spiders are one of the most abundant predators in rice paddy fields (Kiritani et al., 1972; Kawahara et al., 1974) , many entomologists have viewed them as biological control agents in rice paddies (Itô et al., 1962; Kawahara et al., 1974; . Kiritani et al. (1970 Kiritani et al. ( , 1972 conducted a life-table analysis of the green rice leafhopper, Nephotettix cincticeps (Uhler), in paddy fields and concluded that Pardosa pseudoannulata (Bös. et Str.) was the most important predator of this hopper. Sasaba et al. (1970) investigated the functional response of P. pseudoannulata and found that this species had high potential for predation on the green rice leafhopper. suggested that Pardosa ramulosa (McCook) was an important predator of the aster leafhopper, Macrosteles fascifrons Stål, in rice paddy fields in California.
Based on these findings, we expected that populations of wolf spiders would increase and prevent pest populations from expanding in no-tilled paddy fields. Hidaka (1993) reported that wolf spiders were much abundant in no-tilled paddy fields than tilled paddy fields and the peak density of planthoppers was much less abundant in no-tilled paddy fields than tilled paddy fields. However, few reports have experimentally investigated the relationships between wolf spiders and insect pests in no-tilled paddy fields. Thus, the purpose of this study was to clarify the effects of tillage practices on the population densities of wolf spiders and hoppers in paddy fields. Appl. Entomol. Zool. 39 (1): 155-162 (2004) 155 Impacts of tillage practices on hoppers and predatory wolf spiders (Araneae: Lycosidae) in rice paddies
MATERIALS AND METHODS
Study sites. This study was conducted in rice paddies of the Tokyo University of Agriculture and Technology in Fuchu, Tokyo, Japan, during the growing seasons of 1999 and 2000. Experimental rice paddies bordered on the west and south with other rice paddies, on the north with a road and on the east with a building and hedges (Fig. 1A) . Experimental plots were subjected to two different rice-cropping systems: no tillage and conventional tillage. All fields were irrigated on 6 Fig. 1B . To prevent spider's emigration and immigration, a plastic plate (25 cm high) was established on both sides of each plot and tanglefoot (Fujiyakuhin Industrial Co., Ltd.) was brushed on the plastic plate. However, because we often observed that the larger P. pseudoannulata moved to neighboring plots, the plastic plate (25 cm high) and tanglefoot could not completely prevent the movement of spiders between plots. Each plot was fertilized with 40 kg of N, P, and K per hectare several days before transplanting the rice seedlings, and with 20 kg of N, P, and K per hectare 40 days after transplantation. The herbicides Round-Up (Monsanto Co., Ltd.) and Sparkstar (Nissan Chemical Industries Ltd.) were applied to each plot three weeks before and 10 days after transplanting the seedlings, respectively. No insecticides or fungicides were applied throughout the experimental periods.
Sampling and data collection. In June of both years, the density of wolf spiders was determined, once a week in 1999 and once every ten days in 2000. Spiders were counted in 50 (1999) or 100 (2000) randomly selected quadrats (0.06 m 2 ) within each plot. From July to September 1999 and 2000, the densities of wolf spiders and hoppers in each plot were surveyed by a modified cylinder method (Southwood, 1994) once every ten days. Ten hills were systematically selected in each plot, and each hill to be sampled was enclosed by forcing a plastic frame (0.3ϫ0.4ϫ1.2 m) into the soil. All spiders and insects within this frame were then collected with a suction apparatus. All collected specimens were transferred into a glass vial containing 70% ethanol and brought to the laboratory for identification.
Data analysis. Population data were subjected to a (Xϩ0.5) 1/2 transformation prior to analysis. Data were analyzed with a repeated-measures analysis of variance (ANOVA). If the effect of farming type was significant or the interaction term of farming typeϫsampling time was significant, we analyzed population data by ANOVA with Bonferroni method every sampling time. Omega values (Iwao, 156 C. ISHIJIMA et al. 1977) were calculated using the number of wolf spiders and hoppers per hill collected by the modified cylinder method and were used as an index of how much the distributions of spiders and hoppers overlapped (omegaϭϩ1 when distributions completely overlap, omegaϭ0 when distributions are independent, and omegaϭϪ1 when distributions are completely exclusive; Iwao, 1977) .
RESULTS

Density of wolf spiders
Two species of wolf spiders, Pardosa pseudoannulata (Bös. et Str.) and Pirata subpiraticus (Bös. et Str.), were observed in no-tilled and conventionally tilled plots. The numbers of each species collected by the suction apparatus are shown in Table  1 . In both years, the mean number of P. pseudoannulata and P. subpiraticus was higher in the notilled plots than in the conventionally tilled plots. With the exception of July 1999, P. pseudoannulata were more abundant than P. subpiraticus regardless of treatment type and sampling period. The mean number of spiders other than lycosids was not significantly different between no-tilled plots and the conventionally tilled plots (pϾ0.05).
Seasonal changes in the density of wolf spiders showed the same trends in 1999 and 2000 (Fig. 2) . Just after transplantation of the seedlings in June, the density of wolf spiders was higher in no-tilled plots than in tilled plots, and was nearly stable in all plots. At that time, because the rice plants were still short, the wolf spiders were rarely observed on the rice plants in any of the plots. In no-tilled plots the wolf spiders inhabited withered weeds above the water surface. In July, we observed no differences in spider density between the two treatments, although overall density began to increase. In August, the density of wolf spiders increased rapidly in no-tilled plots and increased slowly in the tilled plots, resulting in a difference in the density of wolf spiders between no-tilled and tilled plots in August. In September, the density of wolf spiders stopped increasing in both plots. To examine the effects of tillage practices on the density of wolf spiders, we performed a repeated-measures ANOVA and found a significant effect of treatment on the density of wolf spiders in 1999 and 2000 (Table 2 ). Thus we analyzed population data by ANOVA with Bonferroni method every sampling time. No significant effect was observed in 1999 but a significant effect of treatment was detected on data collected on 5 and 15 September in 2000 (pϽ0.05).
To estimate the reproductive time of P. pseudoannulata, we investigated the size distribution of this species by measuring the carapace width of individuals collected with the suction ap- paratus (Fig. 3) . The size of P. pseudoannulata was categorized into three classes based on carapace width: small (ϭ1.0 mm; included many spiderlings), medium (1.0-2.0 mm), and large (Ͼ2.0 mm; included many subadults and adults). Although all three size classes of P. pseudoannulata were collected in no-tilled plots throughout the sampling period, the peak frequency of the large class was observed in late July of both years. In the tilled plots, the large class of P. pseudoannulata was not collected in late July and the peak frequency of the large class was observed in mid-August.
Density of hoppers
Two species of leafhoppers, Nephotettix cincticepes (Uhler) and Inazuma dorsalis (Motschulsky), and two species of planthoppers (Delphacidae), Laodelphax stratella (Fallén) and Sogatella furcifera (Horváth) were observed in no-tilled and conventionally tilled plots. The numbers of each species collected by the suction apparatus are shown in Table 3 . Since the two planthopper species were not discriminated from each other during nymphal stages, the data are shown as the number of Delphacidae. In both years, the mean number of N. cincticepes, I. dorsalis, and Delphacidae per plot was lower in the no-tilled plots than in the conventionally tilled plots except Delphacidae in 2000. Nephotettix cincticepes was the most abundant regardless of treatment type and sampling period with the exception of September 2000 in no-tilled plots.
The density of hoppers tended to be lower in notilled plots than in tilled plots during the growing 158 C. ISHIJIMA et al. The number of wolf spiders was transformed to (Xϩ0.5) 1/2 before analysis.
seasons of 1999 and 2000 (Fig. 4) . In 1999, seasonal changes in the density of hoppers showed the same trends in both treatments. The mean density of hoppers was always lower in no-tilled than in tilled plots. In 2000, the patterns of seasonal changes in hopper density differed between treatments. The density of hoppers was lower in notilled plots than in tilled plots on 5 July and 15 July, and decreased rapidly on 25 July. In August, the density of hoppers did not differ between treatImpacts of Tillage Practices on Spiders 159 ments. At the end of August, the density of hoppers in the no-tilled plots decreased suddenly, and this decrease resulted in a difference in the density of hoppers between the two treatments in September. To examine the effects of tillage practice on the density of hoppers, we performed a repeatedmeasures ANOVA. As a result, we found no significant effects of tillage practice on the density of hoppers in 1999 and 2000 but found significant interaction between farming type and sampling time in 2000 (Table 4 ). Thus we analyzed population data by ANOVA with Bonferroni method at every sampling time in 2000 and a significant effect of treatment was detected on data collected on 5 and 15 July ( pϽ0.05).
Distribution overlap between spiders and hoppers
To analyze the interactions between wolf spiders and hoppers, we calculated the omega value as an index of overlapping distributions in each plot on each sampling date (Fig. 5) . In 1999, omega values were Ͻ0.2 on most sampling dates for both treatments, indicating independent distributions of wolf spiders and hoppers. However, high omega values were obtained on 29 August and 9 September in 1999 in no-tilled and tilled plots, respectively, indicating that wolf spiders and hoppers were positively associated with each other. In 2000, omega values were Ͻ0.2 throughout the survey period in the tilled plots, indicating that wolf spiders and hoppers were distributed independently. On the 160 C. ISHIJIMA et al. The number of hoppers was transformed to (Xϩ0.5) 1/2 before analysis. other hand, omega values in no-tilled plots were Ͻ0.1 from 15 July to 5 August and exceeded 0.3 afterward, indicating positive associations from mid-August to mid-September.
DISCUSSION
In 1999 and 2000, the density of wolf spiders was significantly higher in no-tilled plots than in tilled plots (Table 2 ). In June, just after the rice seedlings were transplanted, we observed a large difference in the density of wolf spiders between no-tilled and tilled plots. At that time rice plants were still small, therefore wolf spiders could not inhabit the rice plants in either plot. However, since there were complex structures such as withered weeds in the no-tilled plots, the wolf spiders in notilled plots could inhabit these complex structures. These results suggest that tilling destroys wolf spider habitat, resulting in a greatly reduced density of spiders in tilled plots. Previous studies have reported that the density of spiders is closely tied to the structural complexity of local environments (Andow, 1991; Rypstra et al., 1999) . Several researchers have also reported that generalist predators including spiders were successfully increased when shelters, e.g., unharvested crops, mulch and crates, were placed in crop fields (Nentwig, 1988; Heidger and Nentwig, 1989; Riechert and Bishop, 1990; Carter and Rypstra, 1995) . Thus, physical structures may provide a shelter and a refuge for spiders shortly after planting, when crops are still small and the structural complexity of the field is low.
Moreover, the density of wolf spiders did not differ between no-tilled and tilled plots from July to early August, but was significantly higher in notilled plots from mid August to September. This difference in spider density between the two treatments may be due to the differences in the population growth of wolf spiders between the two treatments. The size distribution of P. pseudoannulata showed that individuals in no-tilled plots grew more rapidly than those in tilled plots, and the peak frequency of the large size class of P. pseudoannulata including female adults with egg sac occurred in late July and in mid-August in no-tilled and tilled plots, respectively. The egg stage of P. pseudoannulata lasts 19-21 days at 25°C (Kawahara et al., 1974) ; thus spiderlings should appear in the fields about three weeks after oviposition. This was confirmed, because in mid-August, spiderlings accounted for most of the population of P. pseudoannulata in no-tilled plots. On the other hand, the density of wolf spiders in tilled plots increased from August. This increase in density might be due to the immigration of spiders from surrounding areas. suggested that the increase in the density of wolf spiders in rice paddies was due to immigration of spiders from the levees in California. In conclusion, the high density of wolf spiders in no-tilled plots may be due to their early establishment and reproduction.
Although the density of hoppers was not significantly lower in no-tilled plots than in tilled plots in 1999 and 2000 (Table 4 ), the interaction between the farming type and the sampling time was significant in 2000. Thus, we analyzed population data by ANOVA with Bonferroni method every sampling time and found significant effects of tillage practice on the density of hoppers on 5 and 15 July in 2000. During this period, the growth of rice plants in notilled plots was retarded compared to tilled plots (Motobayashi et al., 2001) . In general, rice plants cannot grow rapidly during the initial growth stages in no-tilled systems (Andow et al., 1998) . Slow growth of rice plants may help prevent colonization by planthoppers (Hidaka, 1993; Kajimura et al., 1995) . Therefore, changes in the growth patterns of rice plants may result in the differences in hopper density between no-tilled and tilled plots observed in early and mid-July. The density of hoppers tended to be lower in no-tilled plots than in tilled plots in late August 1999 and 2000 but this difference was not significant. During this period, the omega value was higher in no-tilled plots than in tilled plots. We also observed that hoppers accounted for Ͼ60% of the diet of wolf spiders in no-tilled plots in August of 1999 and 2000 (Ishijima et al., unpublished) . Judging from these observations, wolf spiders may play a role in suppressing hopper populations in no-tilled plots between midAugust and late August but further studies are necessary to confirm this hypothesis.
Habitat management practices, including no tillage, are aimed at favoring natural enemies and enhancing biological control in agricultural systems (Landis et al., 2000) . It is important to know whether the natural enemies that are conserved by habitat management actually suppress pest populations. This study showed that the absence of tillage resulted in increased populations of wolf spiders, which tended to control pest populations. Therefore, no tillage seems to be an efficient method for controlling pests in paddy fields.
